Introduction
The emergence of resistant bacteria is a natural consequence of antibiotic use and complicates the treatment of infected patients. S. aureus resistant to isoxazolyl penicillins (MRSA) is one of the most frequent pathogens causing resistant infections in hospitals worldwide. [1] [2] [3] The questions are whether and to what extent resistance affects survival and the duration of hospital admission in patients with bacterial infections. Previous studies compared patients with MRSA infections to those infected by MSSA, using mortality as one of the main endpoints. New insights challenge this approach for a number of reasons. Several studies have shown that patients with MRSA BSI differ in many ways from those with MSSA BSI; they are older, have more co-morbidities, and experience longer hospital admissions before the onset of infection. [4] [5] [6] If these two groups of patients are compared directly, bias is introduced, compromising the validity of the results. Of all hospitalized patients at risk of acquiring MRSA BSI, the younger, relatively more healthy MSSA patients are selected as the control group, magnifying the possible impact of resistance. 7 Moreover, time-dependent distortions are introduced, as patients staying in the hospital for a shorter period, like MSSA patients, have a smaller chance of acquiring MRSA BSI than patients hospitalized for longer periods, who for many reasons are more likely to die, thus leading to overestimation of the clinical impact of resistance. 8 It has also been shown that MRSA BSIs are not replacing infections caused by MSSA but adding to the existing burden. [9] [10] [11] For this reason, MRSA-specific mortality needs to be measured against mortality in patients free of S. aureus BSI. A parallel matched-cohort design 12 allows this comparison. MRSA and MSSA patients are compared separately to controls who have chances to acquire an MRSA or MSSA BSI equal to those of the case patients to whom they are matched. At the same time, this design provides the means to determine the impact attributable to resistance per se and minimises bias. Different mortality outcomes are used in the literature. Some studies have focused on hospital mortality 4, 13, 14 , while others determined mortality within a predefined interval. 15, 16 Each outcome measure requires a distinct analytical approach, as well as correct interpretation. Since previous investigations often ignored this subtle distinction, subsequent analysis often resulted in flawed conclusions. 17 There is thus a need for more robust estimates of the impact of MRSA BSI on unambiguously defined mortality and morbidity endpoints using the appropriate control groups and correct analytical methods. In the present study, the excess 30-day mortality, hospital mortality, and LOS attributable to MRSA BSI were determined by collecting data from a large sample of European hospitals, using a parallel cohort design and appropriate statistical approaches.
Material and methods

Setting
Thirteen tertiary care centres (WHO definition 18 ) from as many European countries were selected from hospitals participating in the EARSS. 19 For the EARSS, the National Representatives are responsible for the selection of hospitals on the basis of geodemographic representativeness. The EARSS requires that a minimum of 20% of hospitals participate per country. We are therefore well aware about the distribution of resistance in the participating countries and chose hospitals representative of the national level of methicillin resistance. The selected hospitals also showed good diagnostic accuracy, according to the results of the external quality assessment exercise carried out annually by the EARSS.
Study design
A prospective parallel matched-cohort design was chosen. Cohort I consisted of patients with MRSA BSI (MRSA cohort), cohort II consisted of patients with MSSA BSI (MSSA cohort), and both cohorts included controls free of S. aureus BSI. Any episode of MRSA or MSSA BSI in an adult patient (≥18 years old) was identified by daily laboratory liaison. Blood cultures were taken on clinical indication, and all hospital patients with a laboratory-confirmed diagnosis of S. aureus BSI were included. Susceptibility was determined by a cefoxitin or oxacillin screen test and confirmed by a PCR mecA-test or PBP2a agglutination test, according to consensus protocols published in the EARSS manual. 20 The day of enrolment was defined as the date the first positive blood culture was obtained. Each patient with an S. aureus BSI was matched to two controls. Since taking into account the time dependency of nosocomial infections is more important than adjusting for other confounding factors 21, 22 , controls were matched on the LOS before enrolment of a patient with BSI (± 3 days). Other matching variables were not included, because that would reduce the number of cases eligible for the study, thereby diminishing the representativeness of the cases for all patients with S. aureus bacteraemia in the participating hospitals. If more than two patients were eligible as controls, the patients closest to the patient with S. aureus BSI in the ward registry were selected.
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Data reporting and training of on-site investigators
For each hospital, a dedicated OSI was recruited. They were trained in consistent enrolment and data collection in two workshops, using anonymised patient records provided by one of the co-authors (P.G.D.). Patients were enrolled for 12 months between July 2007 and June 2008. Anonymised data were recorded using a web-based and password-protected data submission tool hosted by the RIVM. Built-in data checks secured data validity. To further ensure uniform application of study definitions, one author (M.E.A.D.K.) provided continuous help desk support. The data sources were patient records, the electronic hospital information system, the laboratory information system and nursing notes. Post-discharge surveillance to determine survival 30 days after enrolment was carried out by telephone contact with patients or their general practitioners. The pre-enrolment data recorded were transfer from a long-term care facility, nursing home, or another hospital; admission diagnosis; type of admission (emergency or elective); co-morbidities in the Charlson Co-morbidity Index (CCI) 23 ; previous surgery; and frequent hospital exposure, defined as two or more hospital admissions in the previous 12 months. At enrolment, the following variables were recorded: demographical data (age, and gender), the anatomical source of S. aureus BSI, the susceptibility profile of the causative pathogen, and poly-or monomicrobial bacteraemia, as well as the presence of indwelling devices (tracheal tube, central venous catheter, arterial vascular access, peripheral vascular access, urinary catheter, tracheostomy, nasogastric tube, or wound drainage tube), where the presence of a tracheal tube was used as a surrogate marker for an intensive care unit (ICU) stay. The main outcomes were mortality 30 days after enrolment, hospital mortality, and LOS after enrolment. Crude mortality was defined as the proportion of MRSA and MSSA patients who died. Attributable mortality was defined as the ratio between the risk of dying among patients with MRSA or MSSA BSI and that of their matched controls, taking into account matching and additional explanatory variables that influenced effect estimates by multivariate analysis. This was expressed as the aOR for 30-day mortality and the aHR for hospital mortality.
This study complied with the Dutch patient confidentiality regulations and ethical standards 24 and was approved by local institutional ethical committees when required.
Statistical analysis
Statistical analyses were performed using SAS 9.1 and R 2.8.1. Univariate comparisons of patients with S. aureus BSI (either MRSA or MSSA) and unexposed patients were performed using Cochran's Q statistic for categorical variables. For continuous variables, Friedman's rank sum test was used. Analyses of outcomes (30-day or hospital mortality, and LOS after enrolment) were performed separately for the MRSA and MSSA cohorts. All collected variables, other than LOS before infection (the matching criterion), that could influence the relationship between MRSA or MSSA and the outcome were tested for confounding in bivariate regression. Variables were included in multivariate analyses if they changed the effect estimate by more than 5%. Collinearity was assessed by generating a correlation coefficient matrix. A robust sandwich covariance matrix estimator was used to account for the matched design. The effect attributable to methicillin resistance was determined by the ratio of the adjusted effect measures for MRSA BSI and MSSA BSI from the parallel cohorts, and the confidence intervals were determined as described by Altman and Bland. 
Thirty-day mortality and hospital mortality
The effect of S. aureus BSI on mortality was determined by logistic regression for 30-day mortality and by Fine and Gray's extended Cox's regression for competing events for hospital mortality. 26, 27 For hospital mortality, cumulative incidence graphs were created using a cause-specific hazard model in which both discharge alive and hospital mortality were included as competing endpoints.
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Length of hospital stay after enrolment
A generalized linear model (GLM) with gamma distribution and log link function for positively skewed data was used to determine the impact of S. aureus BSI on LOS after enrolment. 30, 31 The excess LOS was calculated by comparing the mean outcomes predicted by the multivariate model for all patients in each group. Confidence intervals for the difference in LOS in days were obtained by parametric bootstrapping.
Data heterogeneity
To test for group effects at the hospital level, multilevel models for hierarchical data were used for logistic regression and the GLM models. Stratified analyses were used for the Fine and Gray model.
Results
The participating hospitals reported 1,000 S. aureus BSIs, 310 of which (31%) showed methicillin resistance (range 7 to 65%) ( Table 1 ). For 134 (13%) of the patients with BSI no appropriate match (equal LOS before enrolment +/-3 days) could be identified and they were excluded. For 111 (13%) of the included patients with S. aureus BSI only a single control could be matched. Therefore the analyses were based on 248 patients with MRSA BSIs matched to 453 controls and 618 patients with MSSA BSIs matched to 1,170 controls. The excluded patients had longer periods of hospitalisation between admission and enrolment (p<0.01), excluded MSSA patients also had a longer hospitalisation after enrolment (p<0.01) and excluded MRSA patients had higher hospital mortality (p<0.01). Otherwise, there were no significant differences. 19 Irrespective of methicillin susceptibility, the included patients with S. aureus BSI were more often male, more likely to have had frequent hospital exposure, more often had an emergency admission, had a higher number of co-morbidities, frequently suffered from severe renal disease or diabetes with end organ damage, and had more indwelling devices than controls. Taking into account methicillin susceptibility, patients with MRSA BSI were older, more likely to have had two or more hospital admissions in the previous year, more often received antibiotics and more often had surgery before enrolment, had more co-morbidities, and higher prevalence of diabetes, and were more often exposed to indwelling devices at enrolment than patients with MSSA BSI. A similar difference in risk profiles was found for the controls in the MRSA versus the MSSA cohort. As expected, MRSA patients had a longer hospital stay before enrolment [median, 4 days; interquartile range (IQR), 0 to 12] than MSSA patients (median, 1 day; IQR, 0 to 6) ( Table 2 ).
Thirty-day mortality
After the onset of MRSA BSI, 74 of the 242 (31%) exposed patients died within 30 days, whereas 36 of the 429 (8%) controls died within 30 days after enrolment. Most patients died in the hospital, but four (5%) of the MRSA patients and six (17%) of the controls died after discharge. Of 585 patients with MSSA BSI, 126 (22%) died, whereas out of 1,082 controls, 83 (8%) died within 30 days after enrolment. Six (5%) of the MSSA patients and 17 (20%) of the control patients died after discharge (Table 2) . Table 3 shows the results of the univariate and multivariate regression analyses. Since multilevel analysis showed that group effects at the hospital level did not influence the coefficients for S. aureus exposure, the numbers are based on regular logistic regression. Compared to controls without S. aureus BSI, exposure to MRSA BSI remained significantly associated with mortality after all potential confounders were adjusted for; the adjusted OR (aOR) for dying 30 days after enrolment was 4.4 (95% confidence interval (CI 95 , 2.8 to 7.0). For patients exposed to MSSA BSI the aOR for mortality 30 days after enrolment was 2.4 (CI 95 , 1.7 to 3.3).
Comparison of the aORs from the MSSA and MRSA cohort showed an increased risk of death within 30 days, attributable to methicillin resistance with an OR of 1.8 (CI 95 , 1.04 to 3.2). 
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Hospital mortality
Eighty-five of 239 (36%) MRSA patients died in the hospital, whereas only 41 of 446 control patients (9%) died during their hospital stay. Among patients with MSSA BSI, 138 of 604 (23%) died, whereas only 76 of 1,166 (7%) control patients died during their hospital stay. (Table 2 ) Figure 1 illustrates the dynamics of hospital mortality and discharge over time for both cohorts. Figure 1A shows that for patients with MRSA BSI, LOS till discharge alive varied widely, whereas most MRSA patients died in the hospital within 1.5 weeks after enrolment. Figure 1B reveals a similar pattern for MSSA patients, although a higher proportion of patients was discharged alive within a much shorter time interval. Table 4 illustrates the impact of MRSA and MSSA BSIs on hospital mortality using a subdistribution proportional hazards model. Since the stratified analysis did not show a group effect at the hospital level, the hospital level was not taken into account in these analyses. After all potential confounders were adjusted for, the hazard rate for dying in the hospital was 3.5 times higher for patients with MRSA BSI than for control patients. Patients with MSSA BSI had a 3.1-times-higher adjusted hazard rate for dying in the hospital than the matched control patients.
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Comparison of excess hospital mortality for patients with MRSA BSI and MSSA BSI resulted in an HR for hospital mortality of 1.1 (CI 95 , 0.7 to 1.8) associated with methicillin resistance. 
Length of hospital stay after enrolment
Patients with MRSA BSI stayed in the hospital for a median of 16 days (IQR, 6 to 32) after enrolment. Control patients had a median LOS of 7 days (IQR, 3 to 18) after enrolment ( Table 2) . The univariate regression model showed that MRSA patients stayed 1.6 times (CI 95 , 1.4 to 2.0) longer from enrolment to discharge (alive or dead) than the matched control patients (Table 5) .
Patients with MSSA BSI stayed in hospital for a median of 15 days (IQR, 7 to 26 days) after infection. Control patients had a median LOS of 8 days (IQR, 4 to 14 days) after enrolment ( Table 2) . The univariate regression model showed that MSSA patients stayed 1.7 times (CI 95 , 1.5 to 1.9 times) longer from enrolment to discharge than the matched control patients as, presented in Table 5 . Multilevel analysis showed that group effects at the hospital level did not change the coefficients for S. aureus BSI exposure, and therefore, the results presented are based on regular GLMs. After adjustment for potential confounders MRSA patients stayed 1.6 times longer in the hospital after enrolment, which resulted in an excess LOS of 9 days (IQR, 5 to 14 days). For the MSSA cohort, only the number of indwelling devices was an important confounder. The adjusted excess LOS for patients with MSSA BSI was 1.6 times the LOS of the matched controls, resulting in 9 excess days (IQR, 7 to 10 days). Comparison of the excess LOS for MRSA and MSSA patients showed that there was no difference in LOS after enrolment (ratio, 1.0; CI 95 , 0.8 to 1.3; excess days 0.6; CI 95 , -4 to 5) (Table 5) . 
Discussion
Acknowledging the need for accurate and precise estimates of the clinical impact of methicillin resistance in S. aureus, we set out to determine the patient mortality at day 30 and the instantaneous risk of dying during the hospital stay, as well as the extra LOS attributable to MRSA BSI, by conducting the largest, prospective cohort study designed for this purpose. An effect attributable to methicillin resistance could be discerned only for mortality within 30 days, which was increased by 80% (OR, 1.8; CI 95 , 1.04 to 3.2), but not for hospital mortality (HR 1.1; CI 95 , 0.7 to 1.8) or LOS (excess days 0.6; CI 95 , -3.7 to 5.3). Irrespective of the methicillin resistance trait, S. aureus BSI alone increased mortality as well as LOS, and infected patients died 2 to 4 times more often within 30 days, the instantaneous probability for dying during the entire hospital admission was 3 to 4 times higher, and the patients stayed on average 9 days longer in the hospital than their controls. These findings were consistent among all participating hospitals. Although mortality as a study endpoint seems straightforward, different measures can lead to different conclusions. It is important to realize that mortality within a predefined interval is a static measure indicating excess mortality within that interval (proportion), while hospital mortality is a dynamic measure that provides insight into the temporal dynamics of dying during the entire hospital stay (rate). Since mortality during hospital admission is easier to determine than mortality within a certain period of follow-up, hospital mortality is regularly used as a measure for the impact of resistance. For reasons of comparability, we included the same measure, despite the complexities related to time-to-event analyses and difficulties when interpreting the resulting hazard ratios (HRs). Although not statistically significant, we found that the mortality rate (deaths/hospital day) was higher for MRSA than for MSSA patients; at the same time, statistical tests confirmed that in absolute numbers more MRSA than MSSA patients died within 30 days.
In comparison with previously published research, three important characteristics of this study stand out. The parallel matched-cohort design made it possible to match infected patients to controls with similar hospital exposure, thereby, increasing comparability of the risk profiles of infected and control patients and, as a consequence, diminishing time-dependent bias 32 as well as severity-of-illness bias. 7 Furthermore, two explicitly defined mortality measures were included, of which hospital mortality was analysed by appropriate analytical methods taking into account the duration of hospital admission, as well as competing events, i.e. the fact that patients who are discharged alive will not die in the hospital and vice versa. 17 Finally, the generalisability and precision of the estimates were improved by sampling from 777,030 patients treated in 13 tertiary care centres from as many different European countries for a total of 4.8 million bed-days. The possible limitations of this study include the potential distortion of results due to discrepancies between hospitals, such as variation in blood culture frequencies or local differences in clinical management. However, multilevel analyses, which were used to test for heterogeneity, indicated that differences between participating centres did not modify the results. Nevertheless, as with any observational study, residual bias or confounding can never be completely ruled out. Second, the nature of the matched-cohort design and our stringent matching criteria meant that we had to exclude exposed patients with excessive length of hospitalisation before infection, because we were unable to find appropriate controls. These patients differed in a systematic manner from those enrolled as they had a higher mortality (MRSA patients) or extra LOS (MSSA patients). To impute the direction of impact of counterfactual controls is difficult, but due to the low number of excluded patients the magnitude of the impact is expected to be small.
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The differences in study design make this study unique and less amenable to a direct comparison with previously published results. Nonetheless, several studies lend support to our findings. A recent study focusing specifically on 30-day mortality, but directly comparing MRSA and MSSA patients found a similarly increased ratio (OR, 2.2; 1.0-5.0). 10 Three other studies [33] [34] [35] analyzing the impact of methicillin resistance on hospital mortality using time-to-event methods, but ignoring competing events, also found no impact on the instantaneous risk of dying. Finally, another study 5 supported our finding that patients with MRSA and MSSA infections have equal durations of hospitalisation after enrolment. Others who made claims to the contrary ignored the influence of the duration of hospital exposure before infection. 36, 37 There are four intuitive explanations for the 80% excess mortality of MRSA patients over MSSA patients in our study: i) increased vulnerability of the host, ii) inappropriate empirical antibiotic treatment iii) delayed appropriate therapy and iv) inferior effectiveness of reserve antibiotics. In this prospective study great efforts were undertaken to control for important host factors through matching for length of hospital admission prior to the onset of infection and adjusting for important confounders, like the severity of disease, making increased vulnerability an improbable explanation. Although it seems likely that administration of inappropriate therapy could lead to higher mortality in MRSA patients 38, 39 , a recent systematic review 40 argues that this has never been adequately assessed, since detailed analyses that take into account timeliness and drug levels of empirical therapy are still lacking. Moreover, poor inter-rater agreement on the multiple factors that influence judgments about appropriateness make it difficult to measure. 41 A priori, one would also assume that inappropriate empirical therapy should have had a different impact in each participating centre due to distinct local prescribing practices. However, we found no evidence of heterogeneity between hospitals. The most likely reason for the increased mortality among MRSA patients is the delay in administration of appropriate therapy and the fact that conventional MRSA treatment consisting of vancomycin is not as effective as beta-lactams against MSSA. 42, 43 In conclusion, data from 13 tertiary care centres from different European countries showed that mortality and LOS attributable to S. aureus BSIs are significant. MSSA infections increased mortality more than 2-fold, and methicillin resistance contributed an additional 80% excess mortality at day 30 after infection. These results emphasize the clinical importance of invasive S. aureus infections, but unequivocally underline the additional burden imposed by resistance, which not only aggravates the clinical outcome, but adds to the overall caseload of patients with S. aureus BSI. Ideally, interventions should be targeted at prevention or improved management of both resistant and susceptible S. aureus BSI.
